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Abstract We constructed a prototype of the basin
and crustal structure model for the Kinki area,
southwest of Japan, for the simulation of strong
ground motions of hypothetical crustal and subduc-
tion earthquakes. We collected results of the deep
seismic velocity profiles obtained by the reflection
experiments and seismic imaging results, which were
conducted in the Kinki area. The obtained profiles
give underground velocity structures of the crust,
from the surface to the subducting slab. We also
gather the basin velocity structure information of the
Osaka, Kyoto, Nara, and Ohmi basins. To examine
the applicability of the constructed velocity structure
model to the ground motion simulation, we simulated
waveforms of an intermediate size event occurred
near the source area of the hypothetical subduction
earthquakes. Simulated ground motions using the
basin and crustal velocity structure model are fairly
well reproducing the observations at most of stations,
and the constructed basin and crustal velocity struc-
ture model is applicable for the long-period ground
motion simulations.
Keywords Long-period ground motion .
Groundmotion prediction .
Basin and crustal velocity structure model
1 Introduction
Ground motion simulations and predictions based on
the source model and the underground velocity structure
model are quite important for understanding the
characteristics of strong ground motions and the related
earthquake disasters. Since the 1994 Northridge, USA
and 1995 Kobe, Japan earthquakes, strong motion
simulations using a heterogeneous source and realistic
3D underground velocity structure models became
successful and quite popular in the research field of
applied seismology and earthquake engineering.
In Japan, the Kinki area has a high seismic hazard
potential. Based on the long-term evaluation of earth-
quake occurrence, the Headquarters for Earthquake
Research Promotion (HERP), the Ministry of Educa-
tion, Culture, Sports, Science, and Technology
(MEXT), Japan, reported that the occurrence potentials
of the next Nankai and Tonankai earthquakes are high:
approximately 50%–70% within the next 30 years
beginning from 2007 (HERP 2007). It is also predicted
that several inland crustal earthquakes occurred in the
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decades before the last (Showa) Tonankai (1944) and
Nankai (1946) earthquakes in the Kinki area (Hori and
Oike 1996). Therefore, there is a high probability that
in addition, M7-class inland crustal earthquakes will
strike the Kinki area before the next Nankai and
Tonankai earthquakes.
Long-period ground motions from M8-class
events have often rocked facilities on basin or
sedimentary sites located 200–300 km away from
the source region, e.g., the well-known damage in
Mexico City during the 1985 Michoacan earthquake
or in Tomakomai, Hokkaido, Japan, during the 2003
Tokachi-Oki earthquake. In the case of Tomakomai,
the long-period ground motions, generated from the
source and then amplified and elongated in the
Yufutsu basin, damaged oil storage tanks (Koketsu
et al. 2005). These generation and propagation
characteristics of long-period ground motions were
directly monitored by the K-NET (Kinoshita 1998)
strong motion array. Aoi et al. (2001) successfully
simulated long-period ground motions by seismic
waveform modeling using the source model and
underground velocity structure model.
The Osaka sedimentary basin is located approxi-
mately 150 km away from the source regions of the
hypothetical Tonankai and Nankai earthquakes, and
the same situation would occur in that the modern
megacities of Osaka and Kobe, located in this
sedimentary basin, would definitely be shaken by
disastrous long-period ground motions from M8-class
subduction earthquakes. At the moment of the last
Tonankai and Nankai events (the 1944 Showa
Tonankai and 1946 Nankai), there were very few
long-period structures in the sedimentary basin,
whereas now, the megacities comprise a large number
of skyscrapers, oil storage tanks, long-span bridges,
etc. For earthquake disaster reduction, reliable strong
motion predictions are required at the sites.
Velocity structure models have already been con-
structed by several organizations and research groups.
These are mainly constructed for evaluating the
ground shaking level relative to the earthquake
disasters in general houses or for mapping the seismic
intensity. Here, our objective is the simulation of
long-period ground motions. We constructed the
sedimentary basin and crustal velocity structure
model in the Kinki area by compiling many available
seismic survey results and local basin models. We
demonstrate the applicability of this velocity structure
model for strong motion evaluations through simu-
lations of the ground motions observed by the dense
strong motion network in the Kinki area.
2 Construction of basin and crustal velocity
structure model
2.1 Crustal velocity structure model
The general principle of crustal velocity modeling is
to build a model from several layers with constant
values of velocity, density, and quality factor Q within
each layer. The model interfaces between the layers
are 3D. We used the spline interpolation method (e.g.,
Koketsu and Higashi 1992) to represent the interface
depths, following the approach developed earlier for
the basin model described below. Figure 1 shows the
model area of the crustal velocity structure that
includes the source area of the Nankai and Tonankai
earthquakes. The model covers most of Western Japan
between 130–138°E and 31–36°N.
Figure 2 shows a schematic cross-section of the
crustal velocity structure model that includes the
subducting Philippine Sea slab in the Kinki area. It
reflects the main principles of velocity modeling,
developed by Petukhin et al. (2003) and Iwata et al.
(2006). They are: (1) intensive use of the OBS
velocity models in offshore areas for the accretion
prism, or the sedimentary wedge, and oceanic crust
Fig. 1 Map of target area. The star indicates the epicenter of
the target event for waveform simulation in this study (MJ 6.4,
2004/9/7)
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modeling; (2) employing seismicity data for tracing
the seismogenic slab and seismogenic upper crust; (3)
intensive use of the receiver function inversion results
for tracing Moho, and Conrad and slab in the aseismic
areas; (4) employing deep seismic profiling results for
inland areas whenever possible; and (5) employing
1D velocity models used for the hypocenter locations
and generalized seismic tomography results for the
remaining areas not covered by the data.
The velocity model was constructed from nine
constant velocity layers: (1) oceanic sedimentary
layer, (2) surface low-velocity layer, (3) upper crust,
(4) lower crust, (5) mantle wedge, (6) oceanic crust
layer 2, (7) oceanic crust layer 3, (8) slab, and (9)
Fig. 2 Schematic cross sec-
tion of the crustal velocity
structure model. Assumed
P-wave velocity for each
layer is also shown (Iwata et
al. 2006)
Table 1 References to the data used to construct the model
Interface Type of data used
(in the order of preference)
References
Depth of the oceanic
sedimentary layer
OBS seismic profiles For exampleb: Kodaira et al. 2002, Fig. 10a, KY9903a;
Nakanishi et al. 2002, Fig. 10, KR9806a; ERI database,
ERI94NS, ERI94EW, ERI95NS, ERI95EWa; JAMSTEC
database, KY04–01: NT0402, NT0403
Depth of the surface
low-velocity layer
Seismic profiles For exampleb: Ito et al. 2005; Shingu-Maizuru,
Keihoku-Seidan; OBS models above
Conrad Seismic profiles; lower limit of the crust
seismicity; receiver function inversion
For exampleb: Ito et al. 2005, Shingu-Maizuru,
Keihoku-Seidan; Nakanishi et al. 2002, Fig. 10, KR9806a;
Also: Ito 1999, Fig. 3; Yamauchi et al. 2003, Fig. 4
Moho Seismic profiles; receiver function
inversion; travel time inversion
For exampleb: Ito et al. 2005, Shingu-Maizuru,
Keihoku-Seidan; Kodaira et al. 2002, Fig. 10a, KY9903a;
Also: Shiomi et al. 2004b, Fig. 2; Yamauchi et al. 2003,
Fig. 4; Salah and Zhao 2004, Fig. 12
Top of the oceanic crust 1. OBS seismic profiles; receiver function
inversion; upper boundary of slab minus
7 km
OBS models above; Shiomi et al. 2004a
Top of oceanic layer 3 OBS seismic profiles; upper boundary of
slab minus 5–6 km
OBS models above
Upper boundary of slab OBS seismic profiles; upper limit of the
subduction seismicity; receiver function
inversion
OBS models above; Miyoshi and Ishibashi 2004, Fig. 7;
Baba 2002; Shiomi et al. 2004a, b
a Indexes of the profiles are according to the JAMSTEC nomenclature.
b The complete list of the seismic profiling results used in this study is too long to be referenced here; we only refer to the most
important examples in the nearest vicinity to the target basins and the Kii peninsula.
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Fig. 3 Distributions of the
control points for the Moho
interface (a) and the bottom
interface of the oceanic
sedimentary layer (b)
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upper mantle. Their boundaries are the next inter-
faces: (1) ground surface (or ocean bottom), (2) lower
interface of the oceanic sedimentary layer, (3)
lower interface of the surface low-velocity layer, (4)
Conrad interface, (5) Moho interface, (6) top bound-
ary of the oceanic layer 2 (oceanic upper crust), (7)
top boundary of the oceanic crust layer 3 (oceanic
lower crust), (8) upper boundary of the slab (oceanic
Moho), (9) bottom boundary of the slab (see Fig. 1).
The accretion prism corresponds to the oceanic sedi-
mentary layer and surface low-velocity layer beneath
the oceanic sedimentary layer area in our model.
In 2004, a deep seismic exploration experiment
crossing the Kinki area was conducted by a project
for the regional characterization of the crust in
metropolitan areas for the prediction of strong ground
motion (Ito et al. 2005). Before this experiment, the
crustal structure and subducting slab structure were
studied by P-wave exploration surveys (e.g., Kodaira
et al. 2002, Nakanishi et al. 1998, 2002) and using the
earthquake records by the receiver function method
(e.g., Yamauchi et al. 2003). We also refer to seismic
cross-section databases [JAMSTEC (Japan Agency of
Marine-Earth Science and Technology), 2006; ERI
(Earthquake Research Institute, University of Tokyo),
2006]. The velocity structure models obtained from
the OBS (Ocean Bottom Seismometer) measurements
were also used. Table 1 compiles the references used
for the construction of each model interface.
We read the interface depth from the seismic cross
sections and create the interfaces in the velocity
model by the smooth curvatures from interpolation.
The distributions of the controlled points for the
Moho interface and the bottom interface of the
oceanic sedimentary layer are shown in Fig. 3 as an
example.
Because the velocity structure models are mainly
obtained for P-waves, we refined them and assigned
the S-wave velocity values for each layer. Table 2
shows the P- and S-wave velocity values, density, and
Q values assigned to each layer. They are estimated
by generalizing the following: (1) the 1D velocity
models used for locating the hypocenter in the studied
area, (2) the seismic tomography results (e.g. Salah
and Zhao 2003a), and (3) the OBS velocity models.
The Q-structure is similar to that of Salah and Zhao
2003b), and is slightly modified according to the
results of Petukhin et al. 2003, 2007. In the subduct-
ing area, the accretion prism or the sedimentary
wedge is observed in the cross sections of the
exploration surveys (e.g., Kodaira et al. 2002,
Nakanishi et al. 1998, 2002). The thickness of these
sediments appears to be several kilometers, and this
strongly affects the results of ground motion simu-
lations for subduction events (e.g. Yamada and Iwata
2005). Figure 4 shows the depth contour maps of the
Moho interface and the bottom interface of the
oceanic sedimentary in the studied area that includes
the source region of the hypothetical Tonankai and
Nankai earthquakes.
2.2 Basin velocity model
We used precompiled models for major sedimentary
basins in the Kinki area, i.e., Osaka, Kyoto, Nara, and
Ohmi (Shiga) basins. In particular, the Osaka sedi-
mentary basin model had been well developed by
Kagawa et al. (2004a, b). They compiled the seismic
reflection and refraction survey results, borehole
information, S-wave velocity structure of the sedi-
ments by microtremor array measurements, and the
estimated basin depth by microtremor H/V measure-
ments. They assumed a three-layer velocity model in
the sediments. Each layer has uniform P- and S-wave
velocities and the interface depths between layers are
proportional to the basement depth. The basement
interface of the sediments is explained by the B-spline
function (e.g., Koketsu and Higashi 1992). In this
model, it is easy to add newly obtained underground
structure information. Here, we refined the model by
adding the newly obtained basement depth informa-
Table 2 Velocity structures of the crustal model





2,000 1,000 2,000 200
Surface low-velocity
layer
5,000 2,700 2,740 500
Upper crust 6,000 3,450 2,800 1000
Lower crust 6,700 3,900 2,900 500
Mantle wedge 7,700 4,450 3,100 1000
Oceanic crust layer 2 6,000 3,450 2,700 500
Oceanic crust layer 3 6,700 3,900 2,800 500
Slab 8,000 4,630 3,220 1000
Upper mantle 7,900 4,570 3,100 1000
Layers are corresponding to those shown in Fig. 2.
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tion from the seismic exploration surveys mentioned
above (Ito et al. 2005). We also conducted additional
microtremor array measurements in the area south of
the Osaka basin and H/V microtremor measurements
at the north edge of the Osaka basin; thus far, little
exploration information has been obtained from these
areas. Figure 5 compares the control point distribu-
tions along with the basement depth contour of the
Osaka basin, from Kagawa et al. (2004a, b) and from
this study.
With regard to the Kyoto and Ohmi basins, local
governments have modeled the sedimentary basin
velocity structures for evaluating the earthquake damage
that would result in an earthquake scenario (Kyoto City
2004; Kagawa et al. 2006; Table 3). These models are
also represented by a stack of uniform velocity layers.
Kagawa et al. (2005) modeled the Nara basin as a test
case of a basin structure construction having relatively
poor geophysical information. We conducted micro-
tremor H/V measurements in the Nara basin in order to
a
b
Fig. 4 Depth contour maps
of the Moho interface (a)
and the bottom interface of
the oceanic sedimentary
layer (b)
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add the basin depth information. Although the local
governments modeled the basins only in the areas of
their prefectures, it is natural to connect the Osaka,
Kyoto, and Nara basins geologically. We connected the
Kyoto basin to the northeast of the Osaka basin and the
Nara basin to the south of the Kyoto basin. We
assumed that the S-wave velocities in the sediments
change gradually between the basins because the
defined S-wave velocities in the sediments of different
basins are slightly different. In Fig. 6, we show the
basement depth of the Osaka, Kyoto, Nara, and Ohmi
whole basin models constructed here. We also show a
bird’s-eye view map of the basement depth of the
Osaka, Kyoto, and Nara basins (Fig. 7). We inserted
this basin velocity structure model into the crustal
velocity structure model mentioned above, as shown in
Fig. 6.
3 Estimation of the applicability of the basin
and crustal structure models by waveform
modeling
To construct the velocity structure model, we
extensively interpolated, extrapolated, and averaged
the medium parameters by employing various
assumptions; therefore, the resulting velocity struc-
ture model should be examined for its applicability
to ground motion simulation. After the 1995 Kobe
earthquake, the government increased the number of
strong motion networks, e.g., the abundant data of
the K-NET and KiK-net collected by the NIED
(National Research Institute for Earth Science and
Disaster Prevention) became available. We also used
the strong velocity seismometer network operated by
CEORKA (Committee of Earthquake Observation
and Research in the Kansai Area) and ERI. This
Fig. 5 Comparison of the control point distributions of Kagawa et al. (2004a, b) and this study for the Osaka basin. Basement depth
contours are superimposed on each figure
Table 3 Velocity structures of the basin models
Basin Layer Vp, m/s Vs, m/s Density, kg/m3 Q value
Osaka 1 1,600 350 1,700 175
2 1,800 550 1,800 275
3 2,500 1,000 2,100 500
4 5,000 2,700 2,740 500
Kyoto 1 1,690 390 1,920 195
2 1,960 610 2,110 305
3 2,270 890 2,200 445
4 5,000 2,700 2,740 500
Nara 1 1,600 350 1,700 175
2 1,800 550 1,800 275
3 2,300 800 2,100 400
4 5,000 2,700 2,740 500
Ohmi 1 1,800 390 1,810 195
2 2,000 620 1,940 310
3 2,500 950 2,040 475
4 5,000 2,700 2,740 500
The parameters of neighboring basins are smoothly connected
through a matching region
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data enables the examination of the applicability of
this type of velocity structure model for ground
motion evaluation by simulating the ground motion
records for intermediate size events. Kagawa et al.
(2004a, b) performed waveform modeling at stations
within the Osaka basin for small events occurring
beneath the Osaka basin and showed the validity of
the Osaka basin structure model at around 2 s.
Because of the low S/N ratio for local M5-class
events, ground motions could not be observed for
longer than 2 s. Here, to observe longer ground
motions, we performed waveform modeling for the
MJ6.5 largest aftershock of the 2004 Kii-Hanto-
Nanto-Oki earthquake (MJ7.4). This earthquake oc-
curred near the source region of the hypothetical
Tonankai earthquake.
For simulations, we employed the 3D finite
difference method (Graves 1996) with a nonuniform
grid size (Pitarka 1999). The total calculation area is
approximately NS: 310 km, EW: 295 km, and UD:
35 km. The smallest finite difference grid was
designed to be 100 m. The minimum S-wave velocity
was assumed to be 350 m/s. The shortest target period
in the simulations was approximately 3 s, that is
decided by the grid size and S-wave velocity of the
Fig. 6 Basement depth con-
tour map of the Osaka,
Kyoto, Nara, and Ohmi
whole basin models
Fig. 7 Bird’s-eye view of the basement depth of the basins
Fig. 8 Comparisons of the simulated waveforms with the
observed velocity waveforms: (a) for stations outside the
basins; (b) for stations within the basins, except CEOHSD,
which is outside the basin; and (c) station distribution
b
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oceanic sedimentary layer. The calculation used
30000 time steps with a time interval of 0.008 s.
The simulated waveforms as well as the observed
velocity waveforms are shown in Fig. 8. Comparisons
of the waveforms for stations outside and within the
basins are shown in Fig. 8a and b, respectively. The
station distribution is shown in Fig. 8c. The velocity
waveforms are band-pass-filtered between 0.10 and
0.30 Hz. At the SMN site, the rock site closest to the
hypocenter, ground motions having both long period
and long duration are observed. This is due to the
effects of the oceanic sedimentary layer along the
Nankai trough, which has already been pointed out by
Yamada and Iwata (2003). The synthesized ground
motions at SNMSNU roughly reproduce this long
duration effect due to the additional low-velocity
layer in our velocity structure model, corresponding
to the oceanic sedimentary layer. Synthetic ground
motions at the stations outside the basin reproduce the
overall features of the observed ground motions.
Synthetic ground motions at most stations within the
basin exhibit both large amplifications of the S-wave
Fig. 8 (continued)
Fig. 9 Comparison of the
maximum ground velocities
of the horizontal compo-
nents between the observa-
tion (blue) and the
synthetics (red)
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portions and long durations that are visible in the
observations. However, at several stations, e.g.,
CEONRS in the Nara basin, CEOKTG at the edge
of the Kyoto basin, and CEOYMD in the Ohmi basin,
the synthesized ground motions do not suitably
reproduce the observations. For example, the pre-
dominant period of the synthesized ground motions at
the CEONRS site is different from the observed
predominant period. For more reliable ground motion
simulations, it is necessary to improve the velocity
model. Figure 9 shows a comparison of the maximum
ground velocities of the horizontal components
between the observations and the synthetic motions.
The observed maximum ground velocity values are
well reproduced by the synthetics within a factor of 2
for all stations. This implies that the general character-
istics of wave propagation are well simulated by the
constructed velocity model.
4 Concluding remarks
We have constructed a prototype of the basin and
crustal structure model in the Kinki area, southwest of
Japan, for the strong ground motion prediction of the
hypothetical crustal and subduction earthquakes. For
constructing the crustal velocity structure model, we
compiled the results of seismic explorations. With
regard to the basin velocity models, we used the
previous basin structure models as well as the new
seismic exploration survey results, microtremor array
measurements, and borehole logging data. The con-
structed basin and crustal velocity model has been
examined by the waveform modeling of real seismic
records. The reproduction of waveforms in the Osaka
basin is suitable; however, that in the Nara, Kyoto,
and Ohmi basins is unsuitable. This is because the
data are still insufficient to construct basin velocity
models for the Nara and Ohmi basins. Thus far, this
prototype basin and crustal velocity structure model
can reproduce the observed ground motions, as shown
in Figs. 8 and 9. It is necessary to further improve the
model using such observed waveforms to obtain
results that are more appropriate results.
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